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FOREWORD

The research reported upon in this document was conducted
under Air Force Contract F33615-68-C-1672, '""Wind Tunnel Tests
of a Free-Wing Tilt-Propeller V/STOL Airplane Model," by Air
Vehicle Corporation, San Diego, California. Sponsorship was by
the Air Force Flight Dynamics Laboratory (AFFDL), Air Force
Systems Command, Wright- Patterson Air Force Base, Ohio and
by the Naval Ship Research and Development Center, Washington,
D. C.

Work was initiated in June 1968 and completed in August
1969. Mr. Russel F. Osborn, FDMM Project Engineer, was
the contract technical monitor for the Air Force.

The experiments were concluded in July 1969 and this
report was released by the authors October 1969 for publication
as an R&D Technical Report.

This technical report has been reviewed and is approved.

N
P. P, ANTONATOS
Chief, Flight Mechanics Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

Wind tunnel tests have been conducted on a free-wing tilt-
propeller V/STOL airplane model to investigate the aerodynamic charac-
teristics of the free-floating wing in the propeller slipstream through the
transitional region from cruise to near hover. Lift and drag curves
wing-free have been obtained as a function of propeller tilt angle and
thrust coefficient, and are compared with wing-pinned data.

The results indicate that the tilted propeller does not significantly
turn the flow past the wing, except at thrust coefficients near unity and at
propeller tilt angles near 90°. It is found that lift curve slope and maxi-
mum lift coefficient are strong functions of thrust coefficient. Provided
the cruise static margin is adequate, the free-floating wing with flap and
slat retracted behaves in the slipstream with no unusual problems.

Based upon these initial test results, the free-wing concept therefore
appears to be feasible aerodynamically., Additional wind tunnel tests
are required on the free wing with flap and slat extended.

This document has been approved for public release and sale;

its distribution is unlimited.
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SYMBOLS

All forces are referred to wind axes.

wing angle of attack,measured from the free stream direction

propeller angle of attack,measured from free stream direction

propeller area

wing chord, flap and slat retracted

wing drag coefficient [ - D/S (q_ + T/A)]

wing lift coefficient [ - L/S (q_+ T/A)]

wing pitching moment coefficient about pivot [ - M/Sc (q * T/A)]

tab deflection angle, positive trailing edge down (6l inboard tab,

6z center tab, 63 outboard tab, 6lz inboard and center tab connected)
drag of wirg panel .
aerodynamic efficiency factor

lift of wing panel

wing pitching moment about pivot, positive nose up

{ree stream dynamic pressure

propeller radius

area of wing panel (free-floating or pinned)

propeller thrust

propeller thrust coeflicient [ - T/A (q_ ¢+ T/A)] !

aspect ratio
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INTRODUCTION

Free-floating tail surfaces were successfully used on the McDonnell XV-1
compound helicopter and on the Convair Charger STCL airplane. Both resulted
from a need to operate lifting surfaces in large dcwnwash angle flows. Large
downwash angles also occur at the wing location of propeller or rotor V/STOL
aircraft at near-hover flight. A case can therefore be made in favor of freeing
in pitch the wing panels of these types of aircraft, to let the surfaces weather-
vane in the slipstream or rotor wake. This could prevent wing buffet and stall,
and would eliminate altogether the hover download problem of tilt-rotor fixed-wing
V/STOL aircraft. In case the wing panels remain free during cruise, gust
alleviation would be an added benefit. It would also eliminate the need for
oversize, and therefore heavy, wing panels, which are presently a feature of
tilt-wing V/STOL aircraft. (To prevent buffet and stall during descent and
transition, the wing chord must be of the same length as, or larger than, the
propeller radius.)

To determine the static aerodynamic characteristics of the free-wing
concept, a 1/4-scale powered semispan model (Fig. 1) of a hypothetical
five-place 300-knot cruise speed V/STOL airplane was designed and fabricated.
The T-tail was omitted from the model. Air inlet and exhaust ports for the
twin fuselage-mounted turboshaft engines were faired over in the conventional
manner. The model comprises a half-fuselage section mounted on its side,

a weather-vaning solid aluminum wing, and a tilting, podded propeller connected
through the wing to the fuselage. The trailing edge tabis used to change

the wing angle, to increase or decrease lift for wing-panel angle-of-attack
control. In the actual airplane the tab would be connected to the pilot's stick.

Roll control in cruise would be with differential tab movements,and in hover
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with differential propeller thrust. Flight path control (climb, descent) in
cruise would employ symmetrical tab deflection, During transition the tabs
would remain at the up (negative) deflection angle for maximum usable lift
coefficient in order to off-load the prop/rotors. The horizontal T-tail sur-
face would serve to counteract the destibilizing pitching moments of the
fuselage and propellers, and would be used for trimming the fuselage to a
horizontal attitude. A flap and a leading-edge slat are included on the model,
although possibly not required on the flight vehicle. Note that the model has

a nacelle, while the flight vehicle has none,

TEST FACILITIES

The model was tested in two wind tunnels, namely, the Ling Temco
Vought (LTV) 15 X 20' and the U, S. Army Aeronautical Research Laboratory
(AARL) 7 X 10' facilities., The maximum dynamic pressure was 6 lbs/ft2 in
the LTV tunnel, while up to 20 lbs/ft2 was utilized in the AARL tunnel,

The LTV tunnel test section contains a moving ground plane which is
flush-mounted in the floor. The model was located on the floor just aft of
this plane. The moving ground plane was used for every data run, and was
set to a speed corresponding to the test free stream velocity. In the AARL
tunnel the model was mounted just above a stationary ground board which
extended approximately 5 feet ahead of the fuselage nose, and was raised

12 inches above the floor.

MODEL

Two straingage-type internal balances were used to measure the
loads generated by the propeller and the wing separately. A third strain-
gage balance was located inside the fuselage to measure the loads on the
entire model assembly. The readings of this balance are not reported here.

They are not considered to be representative of a full-span model, due to
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the fuselage not being sealed to the floor of the tunnel. Tufts on the floor {
indicated a strong upwash airflow normal to the fuselage between the fuselage
and the tunnel floor even though the average gap was quite small (of the order
of 1/4"). A photograph of the tunnel installation is shown in Fig. 2. The air-
foil sections tested are given in Fig. 3.

The model was supported by a block and base plate (Fig. 4), which was

bolted to the floor of the LTV 15 X 20' test section, and bolted to the below-

floor balance beams of the AARL 7 X 10' test section. The nacelle/ propeller
assembly was fasterned to a hollow shaft (Fig. 4a), which was attached to the
model support block. The nacelle contained a 20-hp, aircooled, electric
motor, which was coupled to a five-component straingage balance located
between the motor and the propeller. A 3,5-ft. diameter, three-bladed

% propeller with spinner was fastened to the shaft of the propeller balance.

The blades had a constant chord of 1-1/3 inches, a 14 per cent thick Clark Y

section, and 15 degrees of linear spanwise twist. Almost all tests were run
at a 6-degree blade angle of incidence measured at the 75 per cent radius
station. The instrumentation leads from the motor and balance were routed
through the shaft and into the fuselage. The leads then passed under the
fuselage and out through the test section floor.

The free-floating wing was attached to an internal balance mounted

e P NPT St Ly o e A . 900

spanwise inside the wing., The balance was secured by an adapter block which

fastened to a hollow wing support shaft (Fig. 4b). The wing shaft was positioned :
around the nacelle support shaft with a radial clearance of approximately

0.030 inches. The bottom of the shaft contained a ball bearing which fitted

into the model support block, and which, in conjunction with a needle bearing

at the top, allowed the wing support shaft to rotate freely. |




The trailing edge of the wing contained a trim tab comprised of three
segments. The outboard tab was adjusted manually with brackets prior to
each run (53 angle). The center segment was deflected by a remotely con-
trolled electric motor and linkage assembly located inside the wing (62 angle).
Tab angles were measured with a potentiometer that was connected to the
motor shaft. The inboard tab (61 angle) could be set with brack~ts, or con-
nected to the center tab (612 angle) for remote operation. The wing could
be locked at fixed incidence angles with a bracket at the base of the support
shaft, or allowed to rotate freely during a run. A linear potentiometer was
used to record wing angles when in the free-floating mode.

The gaps (of the order of 1/8'") between the fuselage and the wing
and between the wing and the nacelle were unsealed.

The model was tested in both the powered and unpowered configura-
tions. For the unpowered runs the propeller blades only were removed.
Each data run consisted of varying the wing tab deflection through a range
of angles while holding the test dynamic pressure and propeller thrust con-
stant., Adapter blocks were provided so that the wing could pivot about
either the 22% chord or 24% chord position of the basic wing. In the LTV
tunnel a pivot at 19.8% chord was also tested by using the 22% chord adapter
block and adding a full-span one-inch-wide sheet metal extension to the trail-
ing edge of the basic wing (Fig. 3). For the tests in the AARL tunnel new
tabs had been fabricated (extending 1' aft of the trailing edge of the basic
wing). For the runs with the flap down and leading-edge slat extended, a
1/2-inch sheet metal extension was added to these new tabs. In the AARL
tests the 24% chord adapter block only was used.

The nacelle incidence was varied manually in 15-degree increments
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by rotating the main balance support block on the base plate. After rotating
the support block the fuselage was repositioned to zero angle of attack.
The fuselage was therefore at zero angle of attack for all data runs,

The propeller rpm was measured with an electronic counter at
each data point.

A small vane was mounted on the test section floor at the rear of
the model to measure tail downwash angles. The vane shaft was connected

to a potentiometer for remote read-out.

RESULTS AND DISCUSSION

The model was tested in two different wind tunnels because of
anticipated flow breakdown at large propeller tilt angles in the AARL
tunnel (propeller/test section area too large), and because of low Reynolds
number in the LTV tunnel (maximum q_ = 6 lbs/ftz). Thé original ;‘;-.!an
called for model shakedown and cruise tests at AARL, followed by trar;si-
tional tests at LTV. Due to AARL tunnel unavailability these tests were
interchanged. In the following pages the results obtained are presented
in the order run, i.e., first the LTV transition data (flap and slat re-
tracted), then the AARL data (flap and slat retracted, and extended).
Proper optimization of flap and slat gaps was not possible in the time
available in the LTV tunnel. Hence, no data from this tunnel are given
for the flap and slat extended case. Gap tuning was subsequently accom-

plished in the AARL tunnel. No tunnel wall corrections have been applied

to the data. In general the LTV data are of better quality than the AARL data,

SR
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The AARL data points show considerably more scatter. This might
possibly be due to the installation with the fixed ground board in the AARL
tunnel, All drag data obtained at AARL are suspect, since many points
with negative drag were recorded.

From tuft observations on the upper surface of the wing and
from analysis of the data, it is clear that any flight article with a free |

wing will require a fuselage-to-wing seal to prevent leakage of air

through the gap, and thus obtain higher maximum lift coefficients and
larger lift curve slopes. The ruinous effect of even small gaps is pre-
Fi | dicted theoretically in, for instance, Refs. 1 and 2.

It was noted that the free wing responded without apparent lag
and without overshoot to changing tab deflection angles. Although the
aerodynamic damping in pitch could not be measured in these tests, pre-
liminary in-house tests with a dynamically similar wing and rapid tab
deflections confirm a theoretical calculation showing satisfactory damping.
i A hydraulic rotary damping mechanism for the wing,located on top of the
nacelle support block inside the fuselage (see Fig. 4) was never used.

Full-scale propeller disc loading was about 13 lbs/ftz. This
' disc loading was not simulated by the model. Maximum propeller thrust
recorded in either tunnel was of the order of 40 lbs, which corresponds
to a model disc loading of 4 lbs/ ftZ. All test data have been presented

on the basis of T!' and a_,
c P

The wind tunnel tests showed that the trailing-edge angle of the

airfoil section had a very large influence on aerodynamic center (a.c.)

(3)

location. This has previously been noted by other investigators'~’,
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It was found that the basic 63 series wing, which according to the data of
Ref. 4 should have had the a.c. at 0.27 ¢, in fact was neutrally stable
with the pivot at 0.24 c¢c. A change to the 0,22 ¢ adapter block (2% static
margin for the pinned wing) gave the lift curve for the free wing shown
on the left in Fig, 5. The corresponding control tab deflection angle

is shown on the right. It is seen that the full range of usable positive
lift coefficients is obtained with only 5 degrees of tab deflection angle.
The same figure also gives the drag polar, which shows a very high zero
lift drag. It would have been possible at this point to desensitize the
control tab by disconnecting tab 1 and making this a fixed tab, i.e.,
using tab 2 only for control (see Fig. 1). Instead, it was decided to
decrease the trailing-edge angle of the airfoil section by adding a 1"
sheet metal extension to the trailing edge (Fig. 3). This modification
moved the a.c. rearwards to the 0. 26 c position for a gain of 2% in

a. ¢, location as a result of the sharp trailing edge. The same wing
pivot was now located at 0,198 ¢ for a 6% static margin of the pinned
wing (c being the new chord length). The effect of this modification

on the free-wing lift, tab angle for trim, and drag is given in Fig. 5.

A large gain is shown in zero lift drag. Maximum lift is somewhat
decreased. It now takes a more reasonable 15 degrees of tab angle to
trim the full range of usable positive lift coefficients, This improved
configuration was subsequently tested in the LTV tunnel over the full

range of T(':' and ap' The results are presented in Figs, 6-12,

From Fig, 6 (cruise condition) it is apparent that the lift curve
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slope wing-pinned is 0.074/degree, which corresponds to Re = 4.17.

The geometric aspect ratio of the wing panel is 2,37. The gapped wing
therefore behaves aerodynamically as if it had double the span, approxi-
mately, The maximum lift coefficient wing-free is around 0.9 at the
test Reynolds number of 350 000. It is noted that the drag increase
due to free floating the wing is quite low at cruise lift coefficients
(EL >~ 0,4). Thus the penalty for trimming the wing with a trailing-
edge tab, rather than with an aft tail surface, is low. It is also
seen that the recorded pitching moments of the free wing around the
pivot (theoretically zero) are very low, indicating low friction in the
bearings.

At very high transitional speeds (Fig. 7) the lift curve slope
is already considerably lower than at cruise. The maximum lift coeffi-
cient is decreased to around 0.7 - 0.8. The same trend would, of course,
be obtained for a fixed wing. The control tab angle for trim is essen-
tially unchanged as compared to Fig. 6, Rather remarkable in Fig. 7
is the higher lift coefficient recorded for ap = 15° than for ap = 0;
i.e., for T":' held constant the wing experiences an upwash, rather than
a downwash as would have been expected. It is believed that higher
propeller swirl at ap =15° (the propeller rotates up inboard), upwash
created by the rotated nacelle, and upwash outside the slipstream by the
wing root at ap = 15° interact with the downwash created by the deflected

slipstream to result in a net upwash component.

o o Se—
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The identical trend is evident at higher T(':' (Figs. 8 and 9). A reversal
of the trend is starting in Fig. 10, and in Fig. 11 the data show a slight down-
wash angle being recorded in passing from ap = 45° to ap = 60°. It is some-
what surprising that even at Té‘ = 0. 66 and ap = 60° (Fig. 11) the slipstream
does not turn the flow significantly. The wing still operates as if it were in
a parallel stream from infinity (the wing angles of attack are between 0°
and 200).

However, in Fig. 12 (T(':' = 0, 84, ap = 750) the slipstream turning is
evident. Here the wing is operating at around 30° angle of attack. Data at
the lower angles of attack could not be obtained due to the wing bottoming
out against a stop.

In reviewing Figs. 6 - 12, it is noted that the slope of the lift curve
decreases progressively as T(':' is increased. This is in accordance with

established theory(s)

, since at static conditions (Té’ = 1) the lift curve slope
ic predicted to be only 60 per cent of its value at cruise (Té‘ =~ 0), The maxi-
mum lift coefficients exhibit a similar decreasing trend with increasing T(':'.
It is seen that the tab angles to trim remain fairly constant; nor is there much
change in the slope dEL/d 612 ~
The model was next tested in the AARL tunnel. A comparison of the
lift curves in the two tunnels is given in Fig. 13. It is seen that the difference
is quite small at zero lift. The fact that the slopes are different might be
ascribed to a slight change in the wing/fuselage gap. The gap was possibly
smaller for the AARL tests. This might also explain the very large
decrease in drag due to lift in the AARL tests (see Fig. 14 as compared

to Fig. 6). Figure 14 indicates that the cruise static margin wing-pinned at

1 A st . g < e ~ S S —




AARL is 4% (as compared to 6% for the LTV tests), which is consistent with
the use of the 0. 24 c adapter block and the one-inch extended chord (T.E, 3).
With the lower static margin it was decided to use the center tab (62) only

for control. Figure 15 shows that the static margin wing-pinned at ap = 45°
and T(':' =~ 0.55 is slightly increased from that at cruise (6% versus 4%).

At low lift coefficients there seems to be a destabilizing trend. No instabilities
were, however, observed for this configuration with the wing free at any lift

coefficients.

Superimposed upon the wing-pinned data of Fig. 14 is a wing-free
data run which does not correspond to the wing-pinned data, since the
thrust coefficients are different. The T(':' = 0 wing-free data, which would
have corresponded, were lost by the tunnel operating personnel. The

o

heavy lines of Fig. 14 (ap =0) should be compared with the ap s 15

data in Fig. 8 for the same thrust coefficient, but with different static
margin and control tab span. It is noted that the lift curve slope is

steeper for the configuration with the lower static margin, the maximum
lift coefficient is higher, and dEL/d 6 is the same for both tab spans.

Figures 16 and 17 for, respectively, ap = 30° and 60° show the results
obtained by keeping propeller angle of tilt constant and varying the thrust
coefficient. As was evident from the LTV data, both the lift curve slope
and the maximum lift coefficient decrease with increasing T(':'. There is
no apparent indication that the slipstream has turned the free-stream flow,

So far, all test results reported have been for the flap and slat
retracted case. Flap and slat extended data are presented in Figs. 18 and 19.
A 1/2'" sheet metal extension was added to the wing trailing edge in an attempt

to cure a slight instability at small negative angles of attack. This instability

10




showed up as a slow movement of the wing to a negatively stalled condition
without additional control tab deflections after a slightly negative angle
had been reached. The trailing edge extension did not, however, measur-
ably improve this condition, Additional tests are required to understand
and then remove the instability, The instability is not apparent from the
wing-pinned moment curve in Fig. 18 (blz positive). This curve shows

a 7.7% static margin based upon the extended chord (11% based upon the
retracted chord), a value which (s considered too high. Since the pivot

is at aporoximately 0.22 ¢ the a.c. flap and slat extended is

extended’
located at 29.7%. The aft a.c. location could be caused by the leading-
edge slat not carrying its share of the lift due to slightly off-optimum
positioning. Due to the excessive static margin the maximum lift coef-
ficient is not more than 1.7 (Fig. 18).

For some reason, the static margin must be much reduced at
ap = 450. since as shown in Fig. 19 the maximum Llift coefficiemt reaches
a value of 2.3 at low thrust coefficients, and is cqual to 2.0 at Té‘ - 0,25,
With additional testing it should therefore also be possible to reach at

least C 2.3at a -0, T =0,

L P <

From the five-component thrust balance, complete information
about the propeller forces and moments was obtained. The thruet vector
offset distances in pitch have been plotted in Fig. 20 for both flap and

slat retracted, and extended, at zero lift coefficient. In general, it appears
that slightly less offset is obtained with flap and slat extended. It is noted
that the propeller is unstable with respect to angle of attack changes, as

is well known. Thrust vector offset distances in the spanwise direction

were also determined, but are not presented here.




Observations of the oscillations of a small vane, mounted on the
tunnel floor at two possible locations of the horizontal tail surface, indicated
that a low (conventional) tail position would not be acceptable, because of
severe flow disturbances at propeller angles of 60 and 75° power on. With
the vane located at the T-tail position, no adverse flow disturbances were
observed. Downwash angles were recorded, but are not presented here.

° and Té = ] were attempted. How-

Free-wing tests at op = 90
ever, slipstream recirculation, the ground impingement fountain effect,
combined with adverse tunnel wall interference resulted in large-scale
wing oscillations, and prevented any measurements to be taken. If the
free wing should be used for airplane yaw control during take-off and landing,
oscillations of this type would be unacceptable. It is suggested that the air-
plane might be configured to take off and land with 80-85 degrees of propeller
tilt (instead of 900) and with the free wing trimmed at its maximum usable
lift coefficient in order to cancel the horizontal component of propeller
thrust. Future tests would have to determine if this is feasible. So far,
it is known that a small amount of tilt away from the vertical is greatly
beneficial in reducing the upstream extent of flow along the ground(b). No
wing oscillations were observed in either the LTV or AARL wind tunnels

5 and Tc" = | (static condition).

at «_ =175
P
Finally, it might be mentioned that the results presented above
represent a summary of the two initial tests only of the free-wing tilt-

propeller concept. Other tests will follow on the same basic 1/4-scale

model, but with a dynamically similar wing (under a U.S. Army contract).

12
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In retrospect it is felt that additional interesting test results would
have been obtained from the model if the wing-fuselage and fuselage-floor
gaps had been sealed (weatherstripping or brush seal), and if data could
have been taken in the LTV tunnel at intermediate propeller angles of tilt

between 75 and 90° at thrust coefficients near unity.
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Fig. 2b. Semispan model in the AARL wind tunnel.
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